Study Design. Retrospective image-based analysis. Objective. To measure endplate three-dimensional (3D) geometry, endplate changes in vivo and to investigate correlations between disc degeneration and endplate 3D geometry dependent on symptoms of low back pain (LBP). Summary of Background Data. It has been hypothesized that alteration of load transmission from the nucleus pulposus to the annulus fibrosus affects vertebral endplate geometry. Methods. 3D surface models of inferior/superior lumbar endplates were created from computed tomography scans of n ¼ 92 volunteers with and without LBP. Disc degeneration was evaluated using Pfirrmann scale. Concavity in both coronal and sagittal planes was assessed with the Concavity Index (unitless; larger than 1: concave; flat: 1; and less than 1: convex, respectively). Endplate area and disc height distribution were computed and the effects from demographics and spinal degeneration were sought with an analysis of variance model. Results. Both sagittal and coronal planes revealed significantly decreased concavity in those with terminal grade 5 disc degeneration (mean 0.833 AE 0.235) compared to the other grades in the cohort. Older subjects presented with larger endplate areas than the younger subjects (P ¼ 0.0148) at L4-S1. Overall, symptomatic subjects had significantly larger endplate areas (P ¼ 0.022), especially at the lower lumbar levels (P < 0.001). Analysis of variance showed that sex, disc level, disc degeneration grade, and disc height reached significance (P < 0.0001) as influential parameters in both Concavity Index cases. Conclusion. With advancing intervertebral disc degeneration, endplates become more convex over time in both sagittal and coronal planes. Our findings implicate the endplate changes with advancing disc degeneration in the shift in load transmission from the nucleus pulposus to the annulus fibrosus, resulting in changes within the curvature of the endplates. This is also the first study to describe the direct impact of age, sex, and LBP on vertebral endplate anatomy.
L ow back pain (LBP) continues to represent one of the most common presentations when seeking medical care, with approximately 80% of the population experiencing LBP sometime during their lifetime. [1] [2] [3] Lumbar disc disease has been described as the most common etiology of persistent sciatica and LBP. 4 Investigating biomechanical factors of the intervertebral disc in patients with or without degenerative disc disease is essential in understanding this pathology, and the subsequent evaluation and treatment.
The load applied to the vertebral body is distributed evenly to the annulus fibrosus (AF) through hydrostatic pressure generated in the nucleus pulposus (NP). 5 The literature has clearly shown that disc degeneration (DD) affects the multidirectional flexibility of the spine, at the level of the biomechanical behavior of each motion segment. 6, 7 It has been hypothesized that DD alters load transmission to the endplates, as the load transmission shifts from the NP to the AF. 5 Thereby, the alteration of this load may ultimately affect the geometry of the adjacent endplates. However, no studies have specifically evaluated the effect of DD on the endplate geometry.
The measurements of endplate surfaces in healthy individuals are critical to provide baseline information on the estimation of stress in intervertebral discs, approximation of disc volume, and determination of spinal implant size parameters. Because of the complex endplate geometry, three-dimensional (3D) models are necessary for accurate assessment of endplate dimensions.
In order to address the current limitations in literature, the purpose of this study is to evaluate the 3D endplate geometry in vivo (in a cohort that includes both subjects symptomatic and asymptomatic for LBP and with varying degrees of DD) and investigate the possible correlation between the 3D endplate geometry and intervertebral DD. Secondarily, we sought to identify changes in endplate anatomy with differences in sex, presentation of symptoms, and across all lumbar levels. We hypothesize that the endplate geometry is altered by the progression of DD, sex, age, and presence of LBP symptoms.
MATERIALS AND METHODS

Subject Selection
A total of 105 volunteers participated in this study (institutional review board approved) and each subject signed an approved informed consent form. The subjects were recruited using an institutional review board -approved flyer at the author's institution and consisted of staff, students, and general populace. Both asymptomatic individuals and patients with LBP (with or without known DD) were recruited. The inclusion criteria for the subjects with LBP includes recurrent pain in the low back with at least two episodes of at least 6 weeks brought on by modest physical exertion. Exclusions to the study comprised: prior spine surgery for back pain, contraindications to computed tomography (CT) or magnetic resonance imaging (MRI), litigation or compensation proceedings, destructive process involving the spine, claustrophobia, a congenital spine defect, and pregnancy in females. Thirteen subjects were excluded from this study due to spondylolisthesis, spondylolysis, and lumbosacral transitional vertebrae. In consequence, a total of 92 subjects were used for the analyses.
Imaging Studies
Each subject underwent CT imaging (Volume Zoom, Siemens, Malvern, PA, tube voltage: 120 kV, tube current: 100 mA, field of view: approximately 200 mm, image matrix: 512 Â 512, slice increment: 1.0 mm, slice thickness: 1.0 mm) in a supine position. The CT data were post-processed (Mimics, Materialise Corp., Leuven, Belgium) to obtain point cloud 3D models of the lumbar spine (L1-S1).
Each subject also underwent MRI of lumbar spine in supine position. A 1.5-T MR unit (Signa, GE Healthcare, Milwaukee, WI) was used to obtain 3.0-mm thick axial (proton density) and sagittal (T2-weighted) images. The T2-weighted sagittal MR images were used to evaluate the spectrum of DD based on Pfirrmann criteria in which grade 1 is normal and grade 5 represents advanced DD. 8 
Disc Height Distribution
The reconstructed 3D CT vertebral models were transformed into surface point cloud models. The endplates were subsequently isolated and each endplate surface contained approximately 3000 points. The least distance from an individual point on the inferior endplate to a point on the corresponding superior endplate was defined as the ''height'' at that point (Figure 1) . From the distribution of these distances, the mean height of each disc was calculated.
Endplate Area and Coordinate System
The area of each polygon was computed by calculating the cross product of the two vectors. As such, a normal vector of the polygon was obtained simultaneously by vectorial cross product. The procedures of triangulation, and area measurement were completed using a custom-made software program (Microsoft Visual Cþþ 2003 under Microsoft Foundation Class programming environment). The area of the entire endplate surface was calculated by summating the area of the polygons throughout the joint surface.
A local coordinate system was created to establish a mapping system on the endplate (Figure 2) . A normal vector was calculated for each mesh element and a mean normal vector of all normal vectors was calculated through the entire endplate surface. 9 The mean normal vector was defined as one of the coordinate system axes. This axis and the CT coordinate system pointing toward the posterior direction formed a plane. The second coordinate was determined by the normal vector of this plane and directed toward the left lateral direction. The third coordinate was determined by the cross product between the first and the second vectors.
Endplate Concavity and Determination of Topographic Zones
We divided the endplate into five topographic zones, which consisted of the central, anterior, posterior, and two lateral Representative data set for an L3/L4 motion segment in which the least-distance algorithm performed a search across the entire surface to obtain the disc height distribution. The mean height of each disc was calculated from these data.
zones were determined in 3D space ( Figure 3 ). Cartesian coordinates for each point-cloud data point were converted to a spherical coordinate system with the origin set at each endplate surface model's area center. The central zone margin was defined so that its shape is concentric to the outer margin of the endplate surface with a radius of 60% of the radius of the outer margin. Proportions were similar to experimental measurements reported by O'Connell et al.
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The peripheral area, outside of the central zone, was divided into four zones defined by an angular parameter in the spherical coordinate of each point (posterior zone; AE458, lateral zone; 458-1358, anterior zone; 1358-2258, lateral zone; 2258-3158) from the posterior axis. These angles represent projected angles on a plane perpendicular to the mean normal vector of the endplate surface.
Definition of Concavity Parameters
To assess and describe endplate concavity and convexity, we defined the unitless Concavity Index in three variations: (1) Coronal concavity was defined as a ratio determined by central zone height divided by the average of the lateral zones. (2) The sagittal concavity was defined as a ratio determined by the central zone height divided by the average of anterior and posterior zones, and (3) following the same concept, the Overall Concavity index was defined as the ratio of the central zone to the average of the outer peripheral zones. A reference value of 1 was assigned to a flat surface. Thus, a value of greater than 1 described a concave geometry and a value less than 1 described the opposite case of convex geometry.
Statistical Analyses
Statistical analyses were conducted using SPSS Statistics v. 23 (IBM, Armonk, NY). Descriptive statistics were calculated for the participants, and the outcomes (Sagittal and Coronal Convexity Indexes) were examined for deviations from a normal distribution, with no deviations found. Confidence intervals were computed for both the Coronal and Sagittal Concavity Indexes. Bivariate relationships were examined and then these predictors were entered into a simple analysis of variance with the two continuous predictors (mean disc height and endplate area) included as covariates. Simple main effects were examined.
RESULTS
In total, n ¼ 92 volunteers participated in this study and underwent all previously described imaging studies. The average age was 37.7 AE 9.8 years old, and 54.3% were men. From this cohort, when considering symptoms and sex, the resulting subgroups are as follows: asymptomatic males, n ¼ 33; asymptomatic females, n ¼ 26; symptomatic males, n ¼ 17, and symptomatic females, n ¼ 16, respectively (also see Tables 1 and 2 ).
Concavity Index
Sagittal plane endplate concavity index values were significantly lower in individuals with DD grade 5 (mean 0.88 AE 0.29, P ¼ 0.045) when compared to those with DD grades 1 to 4 (Table 1) , and in fact were convex in shape overall ( Figure 4A -C). Similar findings were observed in the coronal plane concavity index values with significantly lower concavity levels in the subjects with advanced DD (grade 5) (0.805 AE 0.211, P ¼ 0.042) compared to those with less severe DD findings on MRI (grades 1-4). While Sagittal and Overall Concavity Indexes decreased in general with increasing DD grade, the Coronal Concavity Index showed no differences from grade 1 to 4, with a more abrupt decrease in grade 5. There were no significant differences in the concavity index between symptomatic and asymptomatic subjects within the same Pfirrmann grade (Table 1) . The Concavity Index values showed low dispersion around the mean, as shown by the confidence intervals computed for both, a pattern that held even when the data were split by sex, symptoms, disc level, and DD grade, as shown in Table 3 . The analysis of variance model showed that sex, disc level, DD grade, and disc height reached significance (P < 0.0001) as influential parameters in both Concavity Index cases.
The results of correlation analyses showed a negative correlation between the mean disc height and the disc grade (correlation coefficient r ¼ À0.229, P 0.0001). Negative significant correlations were found between the disc grade and the Sagittal Concavity Index except subgroups of asymptomatic young women and asymptomatic older men (Table 4) . In these subgroups, positive correlations were found between the disc grade and the Coronal Concavity Index. Positive correlation was found between the disc height and the Sagittal Concavity Index in the symptomatic older subjects but only male subjects reached significance. Negative correlations were found between the disc height and both concavity indexes in asymptomatic male subjects with younger and older ages (Table 4) .
Endplate Area
There was a trend toward greater total endplate area in men compared to women (1978 AE 692 vs. 1819 AE 502 mm 2 ; P ¼ 0.055). When stratified for symptoms of LBP within each sex, there was no difference in the female group (symptomatic 1754 AE 517 mm 2 vs. asymptomatic 1902 AE 491 mm 2 ; P ¼ 0.248), but men with complaints of LBP presented with significantly larger endplate areas (symptomatic 2213 AE 591 mm 2 vs. asymptomatic 1808 AE 704 mm 2 ; P < 0.001) ( Figure 5 ). There were no significant differences in endplate concavity index between sex, nor when evaluating for presentation of LBP, stratified by sex (Table 2) .
Older subjects (ages 40-59 yr) presented with large endplate areas than that of the younger subjects (ages 20-39 yr) at the lower lumbar levels L4-S1 (older 2192 AE 697 mm 2 vs. younger 1951 AE 534 mm 2 , P ¼ 0.0148), whereas at similar endplate areas were observed at the upper lumbar levels L1-L3 (older 1882 AE 571 mm 2 vs. younger 1861 AE 521 mm 2 , P ¼ 0.762) ( Figure 6A ). When evaluating the presence of LBP symptoms, stratified by age groups, the older group of subjects with symptoms had significantly larger endplate areas than those that denied LBP symptoms (older 2187 AE 702 mm 2 vs. younger 1842 AE 541 mm 2 , P ¼ 0.001) ( Figure 6B,C) . A similar comparison in younger subjects revealed similar endplate areas regardless of their symptom presentation (older 1823 AE 552 mm 2 vs. younger 1811 AE 341 mm 2 , P ¼ 0.794). Overall, subjects who presented with LBP symptoms revealed significantly larger endplate areas (P ¼ 0.022), especially at the lower lumbar levels (P < 0.001). Both variables (LBP and lumbar level) influenced the results, with a combined effect of 0.64 (presence of LBP symptoms Â lumbar level). There were no significant differences in endplate concavity index between the two different age groups, symptom presentation, or lumbar levels.
DISCUSSION
Given the magnitude of lumbar disc disease leading to persistent sciatica and LBP understanding the basic biomechanical changes as the pathology progresses is critical. Specifically, the relationship between the intervertebral disc during the DD progression and load transmission to the endplates has been previously hypothesized. 5 However, there are scarce reports that evaluate the effect of this load alteration on endplate geometry as the disc degenerates. We sought to evaluate the 3D endplate geometry in vivo (in subjects with or without LBP and/or DD) and investigate the correlation between the 3D endplate geometry and intervertebral DD. We also evaluated the impact of LBP Ã Concavity Index: A value of 1 represents a flat surface. Thus, a value greater than 1 described a concave geometry and a value less than 1 described a convex one. Overall Concavity Index OCI A B C Figure 4 . Concavity index with disc degeneration based on Pfirrmann grades. A value of 1 was designated to imply a flat surface. Thus, a value larger than 1 described a concave geometry and a value less than 1 described a convex geometry. The sagittal (A) and coronal (B) endplate geometry was found to become significantly concave in Pfirmann grade 5 discs compared to those with the other grades of disc degeneration. The sagittal and coronal plane measurements were combined, revealing similar patterns to those of the sagittal and coronal planes (C). The green lines depict significant differences (P < 0.05) between groups. CCI indicates Coronal Concavity Index; DD, disc degeneration; OCI, Overall Concavity Index; SCI, Sagittal Concavity Index.
significant differences in endplate concavity were observed when comparing different age groups, sex, lumbar levels, and presentation of LBP. The correlation analyses showed that an increase in DD is associated with a decrease in concavity in the sagittal plane in the symptomatic subjects. Since subjects with grade 5 were not included in the asymptomatic subjects, this correlation might not be shown in the asymptomatic group. A positive correlation was found between the disc height and the Sagittal Concavity Index in the symptomatic male older subgroup. Unexpectedly, however, negative correlations between the disc height and the concavity indexes were found some of the asymptomatic subgroups. The negative correlation can be explained if uniform disc height loss would occur without changes in endplate geometry because equal amount of disc height reduction in the central and peripheral regions causes an increase in the central disc height/peripheral disc height ratio. Another possible explanation would be Bold and italic indicates that correlation is significant at the 0.05 level (two-tailed). Bold indicates correlation is significant at the 0.01 level (two-tailed).
disc height loss at the peripheral region due to AF degeneration with a relatively healthy NP. Future studies on the analysis of individual endplate geometry and detailed MRI evaluation of the AF degeneration will allow for a better explanation of the negative association on the disc height. It has been hypothesized that DD alters load transmission to the endplates, because the load transmission shifts from the NP to the AF. 5 Although the mechanism has not been fully elucidated, is it thought that this occurs due to a decrease in the hydrostatic pressure of the NP as the disc degenerates. 5 Histological studies have determined the thickness of the cartilage endplate to be 0.3 to 1.0 mm, but exact locations of these measurements within the endplate surface are not well described. [11] [12] [13] [14] Van der Houwen et al 15 a large variation in the depth profile over the endplates from convex to concave, but no correlation with anatomy could be determined. Our findings of concavity are in agreement with similar reports published in the literature. [15] [16] [17] [18] There are few reports describing the effect of age, sex, and LBP symptoms on endplate anatomy. Vertebral endplates can be weakened as a consequence of DD and bone thinning over time causing an adverse combination of endplate nerve proliferation plus chemical sensitization and mechanical stimulation, ultimately implicated as a possible cause for LBP. 19 This study is not without limitations. The CT scans were performed with subjects in supine position, so the resulting images may be different when standing. Although we have successfully applied the use of disc height distribution to evaluate the endplate geometry in this study, this is only an indirect measurement of the endplate anatomy. We are not currently able to directly measure and quantify the actual endplate thickness, because the cartilaginous endplate is not visible using CT. Similarly, there are no common, standard reference conventions to define what the plane of the endplate should be. Lastly, this study is not powered to constitute a population study. A much larger sample size would provide better insights into this issue.
CONCLUSION
The results from this work implicate the changes in endplate shape with increasing age and advancing DD in the shift in load transmission from the NP to the AF associated with DD, resulting in changes within the curvature of the endplates. This is also the first study to describe the direct impact of age, sex, and LBP on vertebral endplate anatomy in vivo. Future studies that can perform these types of measurements of the endplate 3D geometry may constitute useful diagnostic method to estimate alteration of load transmission during DD. Figure 5 . Left, There was a trend toward greater total endplate area in men compared to women. Right, When stratified for symptoms of low back pain within each sex, there were differences in both sexes, but in reversed fashion: Normal women had larger areas than symptomatic women; and in men the opposite was shown. F, female; M, male; N, no symptoms; S, symptomatic for low back pain. Error bars span one standard deviation. Lines above bars show significant differences between groups ( Ã P < 0.05; ÃÃ P < 0.001). Figure 6 . A, Endplate areas were larger in older subjects (ages 40-59) than in younger subjects (ages 20-39) at the lower lumbar levels. B, When evaluating the presence of low back pain symptoms, stratified by age groups, the older group of subjects with symptoms had significantly larger endplate areas than those that denied low back pain symptoms. Overall, symptomatic subjects were shown to have significantly larger endplate areas, especially at the lower lumbar levels (C). LLS indicates lower lumbosacral (L4-S1); N, no symptoms; S, symptomatic for low back pain; ULS, upper lumbar (L1-L3). Error bars span one standard deviation. Unless noted, lines above experimental groups denote significant differences at P < 0.05.
Key Points
Alteration of load transmission from the NP to the AF is thought to affect vertebral endplate geometry. With advancing intervertebral DD, the endplates become more convex over time in both sagittal and coronal planes. Older age and LBP symptoms were associated with more changes in the endplate geometry (larger area and decreased concavity). Our findings show that endplates become more convex over time, and these results implicate the endplate changes in the shift in load transmission associated with advancing DD.
